A B S T R A C T Calcium and cyclic AMP are important in the stimulation of insulin release. The phosphodiesterase inhibitor 3-isobutyl-l-methylxanthine (IBMX) 
INTRODUCTION
Cyclic AMP (cAMP)' plays an important role in cell function in general and in hormone secretion in particular (1) . With regard to insulin release from the pancreatic p-cell, it is well established that agents that increase cellular cAMP levels potentiate glucoseinduced insulin release both in vivo (2) (3) (4) and in vitro (5) (6) (7) (8) (9) (10) (11) (12) . Whether increases in the concentration of cellular cAMP mediate glucose-induced insulin release is still unclear. On the one hand, stimtulation of insulin Telease by glucose has been reported to be associated with increased cAMP levels in isolated islets (9) (10) (11) (12) (13) (14) . On the other hand, increasing cAMP levels with agents other than glucose does not necessarily stimulate insulin release (11) (12) (13) . Furthermore, some authors failed to show increased cAMP in response to glucose (15, 16) and, in contrast to freshly isolated islets, Rabinovitch et al. (14) found that in islets maintained in tissue culture medium for periods from 4 h to 6 d, glucose stimulates insulin release without changing the concentrations of cAMP. Recently, no increases in cAMP levels were observed in the perfused rat pancreas in response to glucose (17) . Current evidence favors the hypothesis that an increase in the concentration of ionized cytosolic Ca++ directly mediates the effect of glucose to stimulate insulin release (18) (19) (20) (21) (22) . Thus, in the present study glucose-induced modifications in Ca++ movements accompanying insulin release were compared with the changes induced by cAMP. The phosphodiesterase inhibitor 3-isobutyl-l-methylxanthine ' Abbreviations used in this paper: cANIP, cyclic ANMP; (IBMX) which has been shown to stimutlate insulini release at nonstimulatory glucose concentrations (8, 11, 14) was used to raise islet cAMP levels in islets maintained in tissue culture (14) . In addition, the relative importance of intra-and extracellular calcium in insulin release stimulated by glucose or IBMX was assessed.
NIETHODS
Isolation of the islets and maintenance in tissue culture. Pancreatic islets were isolated by the collagenase digestion technique (23) from male Wistar rats weighing 220-270 g. Batches of 250-500 islets were washed and maintainied for 46 h in Petri dishes (6 cm Diam) containing 4 ml Dulbeeco's modified Eagle's Medium (24) supplemented with 10% heatinactivated newborn calf serum, 14 mM NaHCO3, 8 .3 mM glucose, 400 IU/ml sodium penicillin G, 200 ug/ml streptomycin sulfate. For 45Ca++ efflux studies, the medium contained 100 ,.Ci/ml of 45Ca++ at a final concentration of 1.05 mniM CaCl2. The phosphate concentration was 1.0 mNM (normiial phosphate medium). For one experimental series islets were maintained in the presence of 5.0 mM phosphate for the purpose of increasing intracelluilar Ca++ content (22) . A 1-NI solution of NaH2PO4 was titrated with a 1-NI solution of Na2HPO4 to pH 7.40. To 50 ml of phosphate-free culture medium 50 or 250 ul of this phosphate solution was added for normal or high phosphate medium, respectively. Islets used for 45Ca++ uptake studies were maintained either in the normal phosphate medium or in medium 199 as described previously (22, 25) . Basal and stimulated 45Ca++ uptake were not different after culture in the two types of media. The islets were maintained at 37°C, pH 7.4, in an atmosphere saturated with water and gassed with an air-CO2 mixture.
Static incubation for measurement of 45Ca++ uptake and insulin release. After the maintenance period the islets were washed twice by centrifugation (150 g) at room temperature with a modified Krebs-Ringer bicarbonate (KRB) Hepes buffer containing 5 mM NaHCO3, 1 mM CaCl2, 250 kallikrein inhibitory U/ml Trasylol, 0.5% dialyzed bovine serum albumin, 10 mM Hepes, and 2.8 mM glucose, pH 7.4. 45Ca++ uptake and insulin release were measured as described (25) . In brief, 10 islets were incubated for 5 min in microfuge tubes on top of an oil layer in KRB-Hepes at 37°C in the presence of the test substances. The incubation buffer also contained 0.8 ,tCi of 45CaC12 and 1.4 ,uCi [6,6'n3H] suicrose (4 ,M) as a marker of the extracellular space (25) . The islets were separated from the radioactive medium by centrifugation at 8,000g through the oil layer into 6 NI urea. Insulin release was measured in an ali(quot of the supernatant buffer. The bottom of the tubes was cut above the urea layer and placed in 5 ml Ready-Solv HP for liquid scintillation spectrometry. 45Ca++ uptake was calculated from the 45Ca++ space in excess of the [3H]sucrose space. The sucrose space became maximal within 1 min of incubatioin and remained constant over 30 min (25) . At (Table IA) . In control experiments, the shift from 1 to 0.1 mM Ca++ in the continued presence of 2.8 mM glucose alone had no effect on insulin release. Effects of glucose and IBMX on islet cAMP content. The release data of Fig. 1 were compared with the effects of IBMX and glucose on islet cAMP levels after 20 min of static incubation (Table II) . At (Fig. 2) . 45Ca++ efflux remained elevated during the entire stimulation period. 5 uM verapamil, a dose that has been shown to completely block glucose-stimulated 45Ca++ uptake over 5 min (19) was without any significant effect on IBMXinduced insulin release (Table IB) and 45Ca++ efflux. Basal 45Ca++ efflux (2.8 mM glucose) decreased gradually, as anticipated, during the entire perifusion period.
When 45Ca++ uptake and insulin release were measured over 5 min, 1 mM IBMX stimulated both parameters significantly (Table IIIA) . The addition of 5 ,uM verapamil failed to inhibit significantly the stimulatory effects of IBMX on 45Ca++ uptake (P > 0.05) and insulin release (P > 0.05). To find out, therefore, whether these stimulatory effects of IBMX could be dissociated, a lower concentration was tested. As shown in Table IIIB , 0.1 mM IBMX did not affect 45Ca++ uptake, although it stimulated insulin release threefold. Verapamil did not inhibit basal 45Ca++ uptake and insulin release (Table IIIA) .
Effects of IBMX at high glucose. The biphasic glucose-induced insulin release was clearly potentiated by the addition of 1 mM IBMX (Fig. 3) . The total release was increased by 250% (Table IC (10) 255±42 (10) 695±82 (10) 539±86 (10) 860±68 (5) 781±63 (5) 1,609±263 (4) 5,870±1,000 (4) 641±94 (6) 579±129 (5) 429±72 (6) 376±84 (5) have been shown to have a 50-fold increase in intracellular calcium content (22) . To investigate whether this increased intracellular calcium could be readily utilized by IBMX to cause enhanced insulin release, these islets were stimulated with 1 mM IBMX at normal and low (0.1 mM) extracellular Ca'. In these experiments, islets from the same initial pool were maintained at either 1 (controls) or 5 mM (calcium-loaded) phosphate. Because the release profile of the calciumloaded islets was similar to that of the controls (cf. Fig.  1) , the data are shown as the integrated insulin release above base line over 44 min of stimulation (Table ID) . There was no significant difference in IBMX-stimulated release between calcium-loaded and control islets, whether the experiments were performed at normal or low extracellular Ca++. IBMX thus failed to cause enhanced insulin release from islets with increased calcium stores.
DISCUSSION
The in vitro maintenance of isolated pancreatic islets used in this study has two main advantages compared with freshly isolated islets. First, islets used for 45Ca++ efflux studies have been loaded to isotopic equilibrium (28) . Second, the pattern of glucose-induced insulin release is clearly biphasic with a spikelike first phase followed by a distinct nadir and a progressively increasing second phase (Figs. 1 and 3) , a pattern similar to that observed in the perfused pancreas (17, 30) or the portal vein in humans (31) . In these islets, glucose can cause insulin release without an increase in cAMP levels (14) . This was confirmed in the present study using a more direct method (Table II) . This is in contrast to freshly isolated islets (14) where several authors have reported glucose to raise cAMP levels (32) . In the islets used in this study, IBMX raised islet cAMP fourfold (Table II) and stimulated insulin release at nonstimulatory glucose concentrations ( Figs. 1 and 2 ) in a manner similar to that observed in the perfused pancreas (33) .
Stimulation of 45Ca++ efflux from preloaded cells during cellular activation is generally thought to reflect increases in cytosolic Ca++ (1). This appears also to apply to isolated islets, particularly because stimulated 45Ca++ efflux can be dissociated from the event of insulin release per se (18, 20, 25, 28) . It is therefore improbable that a major part of the 45Ca++ is released together with the content of the secretory granules. Increases in cytosolic Ca++ are now generally believed to trigger glucose-induced insulin release (18) (19) (20) (21) (22) . The following findings suggest that increases in cytosolic Ca++ are also involved in cAMP-induced insulin release. First, the IBMX-induced insulin release at low glucose was accompanied by a parallel rise in 45Ca++ efflux (Fig. 2) . Second, glucose-stimulated 45Ca++ efflux was further increased when insulin release was potentiated by IBMX (Fig. 3) . Third, in islets of which the calcium content had been decreased by preperifusion with calcium-deficient media (21, 28, 34 ) IBMX failed to cause insulin release (Fig. 4) . Because -80% of the islet cells are 83-cells (35) , changes in 45Ca++ efflux can be assumed to reflect changes in these cells.
The increase in cytosolic Ca++ during glucose stimulation may be the result of an increased Ca++ uptake (18, 19, 25) , an inhibition of Ca++ efflux (20, 21, 28, 36) , and/or utilization of Ca++ from cellular stores (18, 19, 22, 37) . Calcium has been localized mainly in mitochondria, secretory granules, and the plasma membrane (38) (39) (40) . For IBMX-induced insulin release, the effect of cytosolic Ca++ does not appear to depend on increased Ca++ uptake. Although 1 mM IBMX at low glucose increased Ca++ uptake (Table III) , it is unlikely that this contributes to a major extent to the increased cytosolic Ca++, because the insulin release was not affected when the extracellular Ca++ was lowered to 0.1 mM (Fig. 1) . More direct evidence, however, is that 0.1 mM IBMX stimulated insulin release without an increase in Ca++ uptake, and at 16.7 mM glucose, a marked potentiation of insulin release occurred without a further increase of glucose-stimulated Ca++ uptake (Table III) . In an earlier report, no increase in calcium net uptake was observed either when glucoseinduced insulin release was potentiated with theophylline (6) . Ca++ uptake via the voltage-dependent Ca++ channel which is opened as a consequence of depolarization of the cell membrane can be inhibited by verapamil in various tissues (41) including islets (19, 42, 43) . Depolarization of the ,3-cell membrane by glucose (18, 44 ) is thought to be causally related to the stimulation of Ca++ uptake. Inhibition of this Ca++ uptake by verapamil has been shown not to affect the first phase of glucose-induced insulin release, whereas the second phase was markedly inhibited (19) . In contrast, verapamil did not alter IBMX-stimulated insulin release or Ca++ uptake ( Fig. 2 and Table III ). This finding is not so surprising in view of the fact that 10 mM theophylline at non-stimulatory glucose concentrations (2.8 mM) does not induce electrical activity in 1-cells, but only causes a slight depolarization of 6-7 mV.2 The mechanism by which Ca++ enters the islet cells in response to IBMX is unknown. One possible explanation for the enhanced 45Ca++ uptake may be that an increase in cytosolic Ca++ in tum triggers the exchange between radioactive and nonradioactive Ca++ (21, 28 (5) mitochondrial fraction from rat islets, Sugden and Ash-G CG2.8m hrn BMXr M (7) croft (37) showed an inhibition with IBMX and no effect ",,14%
Two lines of evidence support the assumption that the changes induced by IBMX in this study are mediated by increased cellular cAMP levels. First, IBMX enhanced the islet content ofcAMP at 1 mM Ca++ and its effects both on insulin release and cAMP remained unaltered at 0.1 mM Ca++ (Table II and Fig. 1 Fig.3 (43) . In addition, like IBMX, glucagon did not alter glucose-stimulated Ca++ uptake (43 (6, 21, 28) , the combination of glucose and increased Ca++ uptake, the possibility that agents that raise cAMP levels stimulates insulin release its Ca++ efflux across the plasma membrane (6, 13, 47, 48) . This may be the result of a combined tosolic Ca++ was considered. Under con-effect of glucose or its metabolites (37) and cAMP n glucose clearly inhibits 45Ca++ efflux, i.e., (37, 39, 46) on cellular calcium stores and inhibition of + (20, 21, 28, 36) , IBMX was found to stimu-Ca'+ efflux across the plasma membrane by glucose 4). Indeed, the stimulation of 45Ca++ efflux (20, 21, 28, 36) . Therefore, cytosolic Ca++ may rise high islets that had attained isotopic equilibrium enough to cause insulin release. Phosphorylation of re then perifused in the absence of Ca++ to islet proteins with IBMX has been demonstrated (49), )topic dilution unequivocally permits the and this could be the manner by which cAMP utilizes that IBMX causes a net increase of Ca++ cellular calcium. In addition to the above consideraconcluded, therefore, that IBMX uses cellu-tions, cAMP could also sensitize the release machinery stimulate insulin release. In an earlier study to the effects of calcium ions (8, 47) . oaded islets a similar conclusion was drawn
The results presented here may also have clinical phylline was used (45) . In an attempt to implications. Patients with decreased serum calcium effect of cAMP on intracellular calcium resulting from hypoparathyroidism show an impaired [X-induced insulin release was measured in insulin response to an oral glucose load (3, 50) . The inincreased calcium stores after culture in 5 fusion of theophylline was shown to overcome this imhate (22) . Insulin release was not increased pairment (3) . Similarly, Cerasi and Luft (4) have revith control islets (Table ID) thus indicating ported that the defective early insulin response to a creased cellular calcium cannot be readily glucose infusion in prediabetic patients could be recAMP. stored by aminophylline infusion. In rat islets, first unclear whether the presumed increase in phase insulin release has been shown to depend mainly a++ is a result of mobilization of Ca++ from on cellular Ca+' stores (19, 22) and a defective cellular )res or of inhibition of uptake into these Ca++ handling would thus mainly affect the first phase. vell et al. (39) reported cAMP to inhibit Ca++ The beneficial effect of aminophylline in the prerat islet homogenates, whereas IBMX and diabetic subjects might therefore be a result ofan action ie had no effect. In a mitochondria-rich of cAMP on cellular Ca++ stores as shown for IBMX in ,MP also inhibited Ca++ uptake. Using a this study. 
